While climate change continues to present a major threat to global biodiversity and 2 3 ecosystems, most research on climate change impacts do not have the resolution to detect 2 4 changes in species abundance and are often limited to temperate ecosystems. This limits our 2 5
Introduction 4 0
Climate change continues to pose various serious threats to biodiversity, and there is an 1 0 0 how responses to temperature and precipitation increases (the rate of abundance changes with 1 0 1 increasing temperature/precipitation) and the importance of temperature and precipitation 1 0 2 (the proportion of abundance changes that can be explained by temperature/precipitation species, larger-sized species and species with a wider latitudinal range showed a higher 1 1 5 importance of temperature in explaining abundance changes ( Figure S2b ). In contrast, neither abundance responses to precipitation increases nor the importance of 1 1 7 precipitation in explaining abundance changes showed significant latitudinal patterns among 1 1 8 species, although, for some species in the tropics, precipitation was found to have a relatively species with a wider latitudinal range ( Figure S3b ). When compared within species, three 1 2 2 species showed a significant, one species showed a decrease and another species showed a Our results demonstrate the responses in waterbird abundance to temperature increases differ 1 2 9 between tropical and non-tropical regions. At both species and population levels, waterbird 1 3 0 7 abundance generally decreased in the tropics, but increased at higher latitudes, with 1 3 1 increasing temperature. This supports our predictions on among-and within-species patterns 1 3 2 ( Supplementary Table S1 ). Species in the tropics tend to live closer to their upper the warmer edge of the species' geographical range, are also more frequent in the tropics, Nevertheless, we also found that temperature generally explains only a small proportion warmer weather conditions can directly increase the survival of waterbirds at higher 1 4 7 latitudes 22 , indirect biotic processes (e.g., changes in food availability), rather than direct 1 4 8 abiotic processes (e.g., heat stress), are reported to be more important mechanisms for climate-driven abundance changes, especially for higher-level consumers like birds 23,24 . For 1 5 0 example, increases in already-high temperatures at lower latitudes can cause wetlands to dry, Therefore, our analysis at the resolution of 1° grid cells (equivalent to a grain size of 96.49 1 8 2 km) may not have been able to detect such a broad-scale impact of precipitation changes. Second, waterbird responses to precipitation changes can vary greatly among species, as we 1 8 4 recognised when developing our hypotheses ( Supplementary Table S1 ). While increased 1 8 5 rainfall generally leads to more favourable habitat conditions for waterbirds in dry regions 22,31 , 1 8 6 elevated water levels associated with increased rainfall can cause the loss of shallow-water 1 8 7 habitats, often followed by abundance decreases in certain groups, such as shorebirds 32 . Such Our results point to three major implications on the impact of climate change on global in the tropics. This provides important evidence for the climate-driven degradation of tropical 1 9 5 ecosystems, which has recently been under debate 34, 35 . Although climate change is not the 1 0 only threat to waterbird species, impacts of other major threats, such as loss and degradation 1 9 7 of wetlands and excessive hunting pressure, seem to be more severe in the tropics too 16 , 1 9 8 indicating that tropical species and populations suffer from multiple anthropogenic threats. Second, the revealed negative impact of temperature increases in the tropics suggests that Count (CBC) by the National Audubon Society in the USA, and were compiled in our earlier 2 1 6 study 16 . Note that counts based on these surveys should be described as relative abundance, 2 1 7 as we could not account for imperfect detections in this study. However, we have referred to 2 1 8 them as abundance throughout the manuscript for simplicity. Nevertheless, these count responses for more detail). The IWC, launched in 1967, is a scheme for monitoring waterbird numbers, covering 2 2 2 more than 25,000 sites in over 100 countries with more than 15,000 observers. The 2 2 3 coordination of the IWC is divided into four regional schemes corresponding to the major Census (NWC). We did not use data from the CWC, as, having started in 2010, it only 2 2 7 provides short-term data. The survey methodology is essentially the same across the four 2 2 8 regional schemes. Population counts are typically carried out once every year in mid-January 2 2 9 but may include counts between December to February. Additional counts are also conducted 2 3 0 in other months, particularly in July in the Southern Hemisphere, but we only used the 2 3 1 January and February counts for consistency. This means that our data from the Northern Hemisphere are for non-breeding populations while those in the Southern Hemisphere also 2 3 3 include some breeding populations. In each country that is covered by the survey, national boundaries so that observers know precisely which areas are to be covered in the surveys. The observers consist of a wide variety of volunteers, but national coordinators usually train 2 3 9 them using materials produced by Wetlands International to ensure the quality of count data. responses to temperature or precipitation increases) by applying the Gompertz model of 3 0 1 population growth to count records: long-term trends in abundance. This model structure helps to avoid detecting a spurious 3 0 8
relationship between long-term trends in abundance caused by other threats (e.g., long-term declines by habitat loss) and those in temperature or precipitation (e.g., long-term warming 3 1 0 temperatures). Taking logs and rearranging to express in terms of relative growth rate result 3 1 1 in the following form:
and we used this form to estimate regression coefficients with linear models in R 3.4.1 41 . As importance of temperature and precipitation) with hierarchical partitioning 18 (measured in our 3 2 2 case as R 2 ) using the package hier.part 43 .
3 2 3
As the model described above tests the effect of temperature and precipitation in the previous year (i.e., year t-1) on abundance in the survey year (year t), we also separately 3 2 5
tested the immediate effect of temperature and precipitation in the same year (year t) as the 1 6
December (year t-1 thus accounted for the survey effort effect for the CBC data by using the total number of 3 3 7 survey hours per count as the measure of survey efforts: Supplementary Data S4).
4 3
We only used survey sites with ten or more records and five or more non-zero records analysed in this study. We aggregated the estimated site-level responses to temperature and 3 4 7
precipitation increases as well as the importance of temperature and precipitation to 1º×1º 3 4 8 grid cells by calculating the mean site-level estimates across all sites in each grid cell,
where Σ is a scaled variance-covariance matrix calculated from an ultrametric phylogenetic , where μ s,i is modelled using the species effect μ s : The species-specific β Ws,1-3 is the random effect each governed by hyper-parameters as: 
where w i,k = 1 if grid cells i and k are neighbours, and 0 otherwise. n i is the total number of 4 2 0 neighbours of grid cell i and neighbours here are defined as those grid cells directly adjacent, We tested latitudinal patterns in the importance of temperature and precipitation using with a logit link function:
The models were implemented with OpenBUGS 3.2.3 52 and the R2OpenBUGS package 53 Biology 20, 2221-2229 (2014 richness. Ecology 84, 3105-3117 (2003) . wetlands challenge waterbird use and migratory connectivity in arid landscapes. Scientific 5 3 0
Reports 9, 4666 (2019). 
